Members of the Ste20 and NDR protein kinase families are important for normal cell differentiation and morphogenesis in various organisms. We characterized POD6 (NCU02537.2), a novel member of the GCK family of Ste20 kinases that is essential for hyphal tip extension and coordinated branch formation in the filamentous fungus Neurospora crassa. pod-6 and the NDR kinase mutant cot-1 exhibit indistinguishable growth defects, characterized by cessation of cell elongation, hyperbranching, and altered cell-wall composition. We suggest that POD6 and COT1 act in the same genetic pathway, based on the fact that both pod-6 and cot-1 can be suppressed by 1) environmental stresses, 2) altering protein kinase A activity, and 3) common extragenic suppressors (ropy, as well as gul-1, which is characterized here as the ortholog of the  budding and fission yeasts SSD1 and Sts5, respectively). Unlinked noncomplementation of cot-1/pod-6 alleles indicates a potential physical interaction between the two kinases, which is further supported by coimmunoprecipitation analyses, partial colocalization of both proteins in wild-type cells, and their common mislocalization in dynein/kinesin mutants. We conclude that POD6 acts together with COT1 and is essential for polar cell extension in a kinesin/dynein-dependent manner in N. crassa.
INTRODUCTION
Factors that determine and modulate cell polarity have been the subject of extensive investigations in a variety of experimental organisms (Drubin and Nelson, 1996; Nelson, 2003) , with the most progress having been made in the unicellular yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe (Bähler and Peter, 2000; Bretscher, 2000a, 2000b; Pruyne et al., 2004) . The mechanisms by which polarity is established in filamentous fungi have remained largely obscure, but it is likely that the fundamental principles leading to the initial polarization of the cell are conserved among unicellular organisms (Bähler and Peter, 2000; Wendland, 2001) , filamentous fungi (Galagan et al., 2003; Borkovich et al., 2004; Harris and Momany, 2004) , and animals (Hall, 1998) . But in contrast to baker's yeast, where growth becomes isotropic soon after bud emergence, the growth of filamentous fungi must stay highly polar to produce a tipgrowing hypha that can extend at astonishing rates of more than 1 m/s (Lopez-Franco et al., 1994; Seiler and Plamann, 2003; Harris et al., 2005) . Thus, filamentous fungi present good model systems to study how this highly polar shape is maintained over long distances, the way in which new branch points are initiated and how their spatial relationship is regulated.
In recent years, protein kinases of the NDR Ser/Thr protein kinase family have emerged as being important for normal cell differentiation and polar morphogenesis in various organisms, yet their specific functions are still elusive (Tamaskovic et al., 2003; Hergovich et al., 2006) . In Drosophila melanogaster, the NDR kinases Tricornered and Warts are required for control of the extent and direction of cell proliferation as well as for neuronal morphogenesis (Justice et al., 1995; Xu et al., 1995; Geng et al., 2000; Emoto et al., 2004) . The Caenorhabditis elegans homolog SAX1 regulates aspects of neuronal cell shape and has been proposed to be involved in cell spreading, neurite initiation, and dendritic tiling (Zallen et al., 2000; Gallegos and Bargmann, 2004) . Verde et al. (1998) have shown that the fission yeast gene orb6 is required to maintain cell polarity during interphase. The budding yeast kinase Cbk1p is involved in cell separation and modulates cell shape (Racki et al., 2000; Bidlingmaier et al., 2001) . A number of recent large-scale screens have identified several proteins that interact with Cbk1p (Ito et al., 2001; Du and Novick, 2002; Ho et al., 2002) , establishing the idea that Cbk1p and other interacting proteins may represent the core components of a conserved complex required for polarized morphogenesis. Further work in both yeasts as well as in animal cells has resulted in an emerging network, which includes the NDR kinase and its binding partner and activator MOB2, which are regulated through a Ste20 type kinase that interacts with a MO25-as well as a FURRY-like scaffolding protein Kanai et al., 2005; Stegert et al., 2005; Hergovich et al., 2006) .
The founding member of the NDR family, the kinase COT1 of the filamentous fungus Neurospora crassa, is required for hyphal tip elongation (Collinge and Trinci, 1974; Collinge et al., 1978; Yarden et al., 1992) , and the temperature-sensitive cot-1 mutant ceases hyphal elongation after being shifted to restrictive temperature. This is accompanied by a massive induction of new hyphal tip formation, creating the typical barbed-wired morphology of cot-1 cells. A similar branching and growth-termination phenotype has been observed in neuronal cells of sax-1 and fry mutants in C. elegans and D. melanogaster (Geng et al., 2000; Zallen et al., 2000) , suggesting an evolutionarily conserved function of NDR kinases in the formation of branched cellular structures. This may be linked to changes in a general stresssensing response, similar to that reported for the mammalian NDR-related myotonic dystrophy kinase (Mounsey et al., 1995; Chahine and George, 1997; Kushnir et al., 1997) . Evidence for this includes suppression of the cot-1 phenotype by osmotic and other environmental stresses as well as by altering cAMP-dependent kinase (protein kinase A [PKA]) activity levels in the temperature-shifted cultures (Gorovits and Yarden, 2003) .
Another large emerging group of kinases that have been implicated in various signaling pathways are the Ste20 kinases (Dan et al., 2001; Bokoch, 2003) . Originally defined by S. cerevisiae Ste20p, an upstream kinase of the mitogen-activated protein kinase pathway, the Ste20 group of kinases is divided into the p21-activated (PAK) kinases and several germinal center kinase (GCK) subfamilies. The true PAKs, originally characterized as the primary downstream effectors of Rac/Cdc42-type GTPases, are defined by a C-terminal kinase domain and an N-terminally located Cdc42/Rac interacting/binding (CRIB) motif that mediates binding of the small G-protein to the kinase and its subsequent activation. The GCK group differs from the PAKs in that the kinase domain is located N-terminally, they lack typical CRIB domains, and their noncatalytic domains are highly variable. In contrast to the PAKs, the function of the GCKs is much less defined, but they have been implicated in stress response, proliferation, and apoptosis (Dan et al., 2001; Bokoch, 2003) .
Despite the relevance of an apically growing tip cell for members of the fungal kingdom, the key components that are specifically required for tip extension and branch-point specification are poorly understood, with COT1 being the best-characterized player to date. An important link between cytoskeleton assembly and function and COT1 activity has been established by the analysis of cot-1 suppressor mutants, which are defective in the microtubule-dependent motor protein complex dynein/dynactin (Plamann et al., 1994; Bruno et al., 1996b) , but the underlying molecular mechanisms remain unclear. Several other complementation groups have been identified, which result in cot-1-like growth and defective hyphal elongation when these genes are mutated (Seiler and Plamann, 2003) . Here, we report the characterization of POD6 (NCU02537.2), a novel member of the GCK family of Ste20 kinases that influences cell morphology in a manner highly similar to COT1 and acts in concert, and perhaps in cooperation, with this NDR kinase. We also present evidence that POD6 is essential for cellular extension in a motor-protein-dependent manner in N. crassa.
MATERIALS AND METHODS

Strains, Media, and Growth Conditions
General procedures and media used in the handling of N. crassa have been described (Davis and DeSerres, 1970) or are available through the Fungal Genetic Stock Center (www.fgsc.net), and the N. crassa strains used are listed in Table 1 . Strains were grown in either liquid or solid (supplemented with 1.5% agar) Vogel's minimal media with 1.5% (wt/vol) sucrose, unless otherwise stated. When required, H 2 O 2 (7 mM), NaCl (0.5-1.2 M), sorbitol (0.5-1.2 M), ethanol (7.5%, vol/vol), or KT5720 (75 M), all purchased from Sigma (St. Louis, MO), were added to the growth medium. DNA-mediated transformation of N. crassa spheroplasts was carried out as described (Vollmer and Yanofsky, 1986) . The gul-1 deletion strain was provided by the Neurospora knock out project (H. V. Colot, G. Park, Ringelberg, S. Curilla, C. Crew, K. A. Borkovich, and J. C. Dunlap, unpublished results).
pod-6 was isolated by identification of cosmid X1F7 from the Orbach/Sachs library (Orbach, 1984) , which rescued the growth defects of pod-6(31-21). To identify pod-6, the cosmid was cut independently with several restriction endonucleases, and the digested DNAs were cotransformed with a hygromycin-resistance-selectable marker to identify enzymes that cut within and outside of pod-6. The information of the cosmid sequence boundaries, the available genome sequence, and the pattern of inactivating restriction-enzyme cuts allowed the identification of an ORF that was likely to complement pod-6(31-21) . Confirmation was obtained by PCR with primers 5-TTC TAT ATC GGA TCG ATA ACA TGA-3 and 5-ATA GGT AAG CTT TCA TCG AGA TCG-3 in order to amplify this segment of genomic DNA from a wild-type strain and from pod-6(31-21) to complement the mutant. This approach also verified that we had cloned the gene that harbored the original mutation and not a multicopy suppressor. gul-1 was amplified using primers 5-CCA CAT GAC GAC GGA CAT TAA GG-3 and 5-CTC CTC TCA GGT CCA AGG CCC AG-3. This study pod-6(31-21);ro-1 pod-6(31v21) ro-1(B15) This study pod-6(31-21);nkin pod-6(31-21) nkin(RIP-1) This study cr-1 cr-1(B47) FGSC #826 pod-6(31-21);cr-1 pod-6(31-21) cr-1(B47) This study cot-1(1);cr-1 cot-1(C102t) cr-1(B47) This study mcb mcb(14-4) Seiler and Plamann (2003) pod-6(31-21); mcb(14-4) pod-6(31-21) mcb(14-4) This study cot-1(1);mcb cot-1(C102t) mcb This study mcb(14-4); ⌬gul-1 mcb(14-4) hph::gul-1⌬ This study
To construct the resistance cassette for the generation of a ⌬pod-6 strain, the Aspergillus nidulans gpdA promoter was obtained as an 888-base pair SacI/ NcoI fragment from pSM1 (Poggeler et al., 2003) , fused via NcoI with the 581-base pair nourseothricin resistance gene (Nat R ) from pAG25 (Goldstein and McCusker, 1999) that was amplified with the primers 5-ACC CCA TGG CCA TGA CCA CTC TTG ACG AC-3 and 5-AGG GAA TTC TCA GGG GCA GGG CAT GC-3 and introduced together via SacI/EcoRI into pBluescript SKϩ (Stratagene, La Jolla, CA). The nourseothricin concentration was adjusted to 20 g/ml to select for transformants.
The deletion cassette was obtained by plasmid gap repair in S. cerevisiae (Orr-Weaver and Szostak, 1983) , with pRS416 (Sikorski and Hieter, 1989) as the yeast vector cut with XbaI and XhoI and the following primers to generate the Nat R cassette and the 5Ј and 3Ј flanking regions of pod-6 by PCR with cosmid pXIF7 as template: 5-GCG AGC GGC AGG CGC TCT ACA TGA GCA TGC CCT GCC CCT GAG GGA GGT AGG GTC TTG-3, 5-TGG AAT TGT GAG CGG ATA ACA ATT TCA CAC AGG AAA CAG CGC ATG TGC GGG TGG GTA ATG-3, 5-ATT AAG TTG CGT AAC GCC AGG GTT TTC CCA GTC ACG ACG CTA CAG CAC TTG TGA TGG TGC-3, 5-CTC CGC ATG CCA GAA AGA GTC ACC GGT CAC TGT ACA GAG CTG ACT GCC CCC GCA AGG CC-3, 5-TAC TAC CAA CAG TCT CCT CGG GTC CTT GCG GGG GCA GTC AGC TCT GTA CAG TGA CCG GT-3, and 5-TTC TGA GAC AAA TAA CAT CCC GTT ACA AGA CCC TAC CTC CCT CAG GGG CAG GGC ATG CT-3.
Homologous recombination events in N. crassa were verified by phenotypic analysis of transformants grown on 400 M p-fluorophenylalanine (fpa) and 200 g/ml histidine or 5 g/ml benomyl and 200 g/ml pantothenic acid and by the complementation of the growth defect of potential ⌬pod-6 strains with a pod-6-containing amplicon using the same primers as for the complementation of pod-6(31-21).
An MYC-tagged version of COT1 was constructed, utilizing plasmid pOY18, containing the cot-1 wild-type allele, capable of complementing the cot-1 temperature-sensitive mutant (Yarden et al., 1992) , along with plasmid pCM2-MT containing a 6MYC tag sequence (Cheng et al., 2001) . The 6MYC tag sequence was previously PCR-amplified from pCM2-MT, while introducing an NsiI restriction site at both ends of the product, and ligated into a pDrive vector (Qiagen, Hilden, Germany) to create pME8 (Efrat, Gorovits, and Yarden, unpublished results) . In this study, pME8 was used as a template for PCR amplification using the primers 5-GGT ATG CAT CGT TCG AAA GCT-3 and 5-TTG AAT TCG AAG CCT CAT GCA T-3, which introduced an NspV restriction site (underlined) at the PCR product ends, thereby facilitating the cloning of the amplicon into the NspV site in pOY18 and creating pCZ18. Correct integration of the MYC tag sequence at the 5Ј end of the cot-1 gene coding region was verified by sequencing with the primer 5-TCT GGT TGT TGT TGG CAT TG-3. A 3.3-kb XbaI fragment from pMP6 containing a hygromycin-resistance cassette was finally introduced into the unique XbaI site of pCZ218 creating pCZ218/hygR. To verify proper activity of the fused MYC::COT1 protein, this construct was used to complement the growth defects of cot-1(1). Western-blot analysis using anti-MYC antibodies verified the presence of MYC-tagged COT1 with the expected molecular mass.
Immunological Methods
For the preparation of polyclonal anti-POD6 antibodies, a POD6 fragment containing amino acids 421-675 was expressed in Escherichia coli BL21(DE3) as a pQE60-based His6-fusion protein (Stratagene) and purified via the Ni-NTA purification system (Qiagen). Polyclonal antibodies were generated by Pineda Antikö rper Service (Berlin), and the serum was affinity-purified using the original antigen.
N. crassa mycelial samples were frozen in liquid nitrogen, suspended in 50 mM phosphate buffer, pH 7.0, 150 mM KCl, 1 mM DTT, and protein inhibitors and centrifuged, and the supernatant was used for further experiments. Proteins were separated by 7.5 or 10% SDS-PAGE. Western blotting was performed according to standard procedures. For immunoprecipitation (IP), protein G-Sepharose beads (Amersham Biosciences, Piscataway, NJ) were incubated on a rotation device with an excess of monoclonal anti-MYC antibody (clone 9E10) in binding buffer (50 mM phosphate buffer, pH 7.0, 150 mM KCl, 1 mM DTT, 0.2% wt/vol NP40, 1 mM EDTA, and protein inhibitors) for 2 h at 4°C. After the unbound antibodies were removed, the treated beads were resuspended in binding buffer with 400 -500 g protein extract and incubated for 3 h at 4°C. Immunoprecipitated protein was eluted with 100 mM glycine, boiled in Sample Buffer before SDS-PAGE, blotted, and probed with ␣-MYC or ␣-POD6 antibodies.
Microscopy
Immunolocalization for N. crassa hyphae was conducted following a protocol adapted from Minke et al. (1999) . Fresh conidia were spread on a small piece of cellulose filter (GN-6, Gelman Sciences, Ann Arbor, MI) placed on the surface of a sucrose agar plate, and incubated until small mycelia formed. Filters were plunge-frozen in liquid propane and transferred to fixative (3% formaldehyde in 100% ethanol precooled to Ϫ80°C). Samples were maintained at Ϫ80°C for at least 2 d and then slowly transferred to room temperature (2 h at Ϫ20°C, 2 h at 4°C). Filters were rehydrated in a series of ethanol:buffer (100 mM phosphate, pH 7.0) solutions starting at a ratio of 90:10 and ending at 10:90. After several rinses in phosphate buffer, the samples were incubated for 0.5-5 min in 2 mg/ml lysing enzymes (Sigma) in 100 mM potassium citrate, pH 6.0, 20 mM EGTA to digest the cell wall. After several washes with phosphate buffer, filters were incubated in 1% BSA to block nonspecific binding of antibody to the filter. Samples were immersed in the primary antibody for at least 8 h, washed several times in phosphate buffer and incubated in the secondary antibody for Ն8 h, and visualized using standard rhodamine and FITC filter sets. For light microscopy, samples were viewed with a Zeiss Axioscope microscope (Oberkochen, Germany) and the Improvision Openlab 4.04 software (Lexington, MA). For the colocalization of MYC::COT1 and POD6, 200-m hyphal stacks were acquired and volumedeconvoluted using Openlab 4.04. Documentation was performed with a Nikon DXM1200F digital camera (Melville, NY) or an Olympus SZX12 stereomicroscope (Hamburg, Germany), and a Kappa PS30 camera (Gleichen, Germany).
RESULTS
POD6 Belongs to the Germinal Center Family of the Ste20 Group of Kinases
To identify critical components that contribute to polarized growth in N. crassa, we recently developed a large-scale screen for the isolation of conditional mutants defective in hyphal morphogenesis and isolated seven independent alleles of pod-6 (polarity defective-6; Seiler and Plamann, 2003) . During the complementation of pod-6, we noticed that the N-terminal two thirds of the automatically annotated ORF NCU02537.2 were sufficient to complement pod-6. Further inspection of NCU02537.2 by BLAST analyses suggested that two ORFs were incorrectly fused during the annotation by the introduction of an erroneous intron, omitting the stop codon of the first ORF (pod-6) and joining it with a second ORF (probably an ortholog of the translation initiation factor SUA5). RT-PCR and sequencing experiments of cDNA with POD6-specific primers were used to confirm this prediction. Thus, pod-6 encodes a 928-amino acid protein containing an N-terminal kinase domain with the highest sequence similarity to members of the Ste20 group of kinases and a C-terminal region with no characteristic sequence motifs (Figure 1 ). Based on the homology of the kinase domain, its N-terminal localization and the lack of defined sequence motifs in the C-terminus, POD6 belongs to the GCK-III subfamily of eukaryotic Ste20 kinases. The known vertebrate members of this subfamily, SOK1, MST3, and MST4, have been implicated in the regulation of stress response, apoptosis, and proliferation, but the molecular mechanisms involved are unknown (Dan et al., 2001 (Dan et al., , 2002 Lin et al., 2001; Qian et al., 2001) . The most closely related budding and fission yeast kinases are Kic1p and Nak1, respectively. Both kinases have been recently reported as part of a morphogenetic network that also contains the NDR kinases Cbk1p and Orb6, respectively, that is important for coordinating polarized growth with daughter cell specific transcription and cell cycle progression Kanai et al., 2005; Leonhard and Nurse, 2005) .
POD6 Is Essential for Hyphal Tip Extension
When wild-type N. crassa conidia (asexual spores) germinate, they rehydrate and begin to grow isotropically. Growth soon becomes polarized, and usually one hyphal tip is generated. Continued polarized growth results in unidirectional extension of the straight primary hypha, and new hyphal tips are subsequently generated by branching from subapical compartments at intervals of 30 -150 m. Continuous hyphal elongation and branching results in the formation of spreading colonies.
To determine the morphological changes conferred by pod-6, we conducted a microscopic analysis of pod-6 grown under permissive and restrictive temperatures ( Figure 2A ).
As no major morphological differences were observed among the seven isolated pod-6 alleles, we focused our analyses on the pod-6(31-21) allele. When grown on agar plates at 25°C, no differences in hyphal elongation or branching frequency were detected between pod-6(31-21) and the wild type. However, within 45 min of transferring pod-6(31-21) to 37°C, we observed a rapid cessation of tip extension, whereas the temperature shift had no effect on the morphology of wild type (note that the agar plate served as a strong temperature buffer in these shift experiments). In contrast to a wild-type apex, which is a dome-shaped structure, the tips of pod-6(31-21) have a characteristic pointed/needle-like shape after the shift to restrictive growth conditions. This cessation of tip extension was simultaneously accompanied by the appearance of numerous subapical branches 20 -50 m in length that also stopped growth with a pointed tip. After prolonged incubation at restrictive temperature, these branches produced secondary and tertiary branches, and the hyphae began to swell up in a bulbous and apolar manner. Transfer of such a culture back to a permissive temperature resulted in all tips resuming normal growth rates, diameter, and morphology within 2-5 min. Germination of pod-6(31-21) at restrictive temperature resulted in the formation of compact colonies with multiple 10 -50-m-long germ tubes with pointed tips, which also produced secondary and tertiary branches. These experiments indicate that POD6 is essential for tip extension, but is also required to inhibit excessive branch formation in subapical regions of the hypha. Sequencing of pod-6(31-21) revealed a single amino acid substitution of the conserved isoleucine 310 (ATA) at the C-terminus of the kinase domain by a lysine (AAA; Figure 1 ). Figure 1 . POD6 is a GC kinase. The catalytic kinase domains of N. crassa POD6, S. cerevisiae Kic1p, S. pombe Nak1, human MST3 and SOK1, and two uncharacterized GCK-III kinases from D. melanogaster and C. elegans (Dan et al., 2001) were aligned using the CLUSTAL W alignment algorithm. Identical and conserved corresponding amino acids are shaded dark and light, respectively, the PAK signature motif "GTPFW-MAPE" is underlined and the position of the isoleucine-lysine substitution of pod-6(31-21) is marked with an asterisk.
To examine the phenotype of a pod-6 deletion strain, we constructed a null mutant by using the sheltered disruption method (Nargang et al., 1995) , which takes advantage of the fact that N. crassa is a multinucleated cell. In brief, the pod-6 gene was deleted via homologous recombination in the heterokaryotic strain HP1, thereby allowing the generation of mutants in genes that are essential or important for growth. The resulting mutant harbors two kinds of nuclei: one with a null allele of pod-6 and one with a wild-type copy. These nuclei contain selectable markers that allow a shift in the nuclear ratio within the heterokaryotic cells. Growth on media containing fpa and histidine favors the propagation of the wild-type nucleus. In contrast, growth of heterokaryotic cells on media containing benomyl and pantothenic acid forces the knockout nucleus to predominate and thus leads to the depletion of POD6 and morphological defects that are indistinguishable from pod-6(31-21) germinated at or shifted to restrictive temperatures ( Figures 2B) . These results indicate that pod-6(31-21) is a temperature-sensitive loss-of-function allele of pod-6. Both mutants indicate an essential role for POD6 during the extension of the hyphal tip and in controlling the number and position of subapical branches.
POD6 and COT1 Act in the Same Genetic Pathway in Parallel to the PKA Pathway
The morphological defects of pod-6(31-21) and of ⌬pod-6 were strikingly similar to those of cot-1(1) and led us to hypothesize that POD6 and COT1 may have related functions. This was supported by the observation that several recessive alleles of cot-1 and pod-6 showed unlinked noncomplementation. This genetic phenomenon suggests that the two proteins are either part of independent pathways, which are equally necessary for the successful completion of a process or that the two proteins interact physically. To further analyze the relation between COT1 and POD6, double mutants were generated ( Figure 3A ). cot-1(1), pod-6(31-21) , and cot-1(1); pod-6(31-21) mutants showed identical phenotypes at restrictive temperature. This provides further evidence of their involvement in a common genetic pathway and, possibly, of a physical interaction between the two proteins.
The cot-1(1) mutation has been shown to result in increased cell-wall thickness at restrictive temperature (Collinge et al., 1978; Gorovits et al., 2000) , suggesting a defect in cell-wall metabolism. We therefore tested chitin deposition by staining hyphae with Calcofluor White. Chitin is the primary component of the inner layers of the hyphal cell wall and is therefore accessible to the dye primarily at the hyphal tips. At permissive temperature, hyphal tips (and to a minor extent also septa) of pod-6(31-21) and also cot-1(1) are strongly labeled in a manner identical to the wild type ( Figure 3B ). Within 5 h at 37°C, pod-6(31-21), cot-1(1), and the pod-6(31-21);cot-1(1) double mutant showed extensive label in a patchy, subapical manner throughout the hyphae, including strong septal staining, indicating excessive chitin deposition in all mutants, and further suggesting a functional connection between POD6 and COT1. Furthermore, it appears that the high calcofluor stain at the tip observed in mutants grown at the permissive temperature is nearly absent when the strains are cultured at the restrictive Figure 2 . POD6 is essential for hyphal tip extension. (A) pod-6(31-21) was grown on minimal media plates at 25°C and shifted for 1, 3, and 12 h to restrictive temperature to illustrate the cessation of tip extension with pointed, needle-like tips and the progressive hyperbranching of the mutant. Hyphae that were shifted to the restrictive temperature and then shifted back to the permissive temperature resumed growth at all generated tips within 5 min (center panel). When germinated at the restrictive temperature, pod-6 exhibited a compact, hyperbranched, colonial morphology. (B) Growth of the HP1 pod-6 ϩ ϩ HP1 ⌬pod6 heterokaryotic strain on minimal medium, medium containing fpa and histidine and medium containing benomyl and pantothenic acid (which forces the knockout nucleus to predominate), resulting in morphological defects identical to pod-6(31-21) germinated at or shifted to restrictive temperature. temperature, indicating decreased chitin synthesis at these nonelongating tips.
If POD6 and COT1 have related functions, they may share the same extragenic suppressors. Therefore, we tested whether components of the dynein/dynactin complex could partially complement the growth defects of pod-6, similar to the mechanism described for cot-1(1) (Plamann et al., 1994; Bruno et al., 1996b) . We compared growth rates of ro-1;pod-6(31-21), ro-3;pod-6(31-21), and ro-10;pod-6(31-21) with pod-6(31-21) grown at restrictive temperatures and found that these mutations partially suppress the pod-6(31-21) phenotype ( Figure  3C ; for hyphal phenotypes of the double mutants, see Supplementary Figure 1 ).
In addition to dynein/dynactin mutations, gul-1 has also been described as a dominant modifier of cot-1 (Terenzi and Reissig, 1967) . Although the identity of the affected gene has not yet been determined, its close linkage with am-1 and ace-5 (Perkins et al., 2001) and the available genome sequence led us to suspect that GUL1 may be encoded by NCU01197.2. To test this, we amplified wild-type and mutant gul-1 803 alleles by PCR and transformed cot-1(1) and pod-6(31-21) with both amplicons. While transformation with gul-1 ϩ resulted in compact cot-1(1) or pod-6(31-21) colonies, strains transformed with the mutant gul-1 803 allele partially suppressed the growth defects of cot-1(1) and pod-6(31-21), similar to the original cot-1;gul-1 strain. This indicated that NCU01197.2 codes for GUL1 and that gul-1 is a common dominant suppressor of both cot-1(1) and pod-6(31-21). Database searches indicated that GUL1 is an evolutionarily conserved protein. Ssd1p and STS5, the budding and fission yeast orthologues, respectively, are naturally polymorphic proteins and have been implicated in the maintenance of cell-wall integrity, RNA binding, and the TOR pathway, as well as in protein phosphatase-associated functions, but the underlying molecular mechanisms are entirely unknown (Matsusaka et al., 1995; Toda et al., 1996; Evans and Stark, 1997; Uesono et al., 1997) . To characterize the function of GUL1 in apical tip extension, we compared the phenotypes of the dominant gul-1 803 and a gul-1 deletion strain. Morphological characteristics of both strains suggested a role of GUL1 in the establishment of a functional tip both during germination as well as during the formation of new branches ( Supplementary Figure 1 ; Table 2 ).
According to Gorovits and Yarden (2003) , the cot-1(1) defect can be suppressed by regaining partial COT1 activity in mutants of the dynein/dynactin (ropy) complex. We therefore tested gul-1 803 and gul-1 803 ;cot-1(1) cultures at 37°C for the presence/absence of the 67-kDa COT1 band and determined that the dominant mutation in gul-1 803 eliminated the need for the 67-kDa COT1 form ( Figure 3D ), indicating that suppression by the dynein/dynactin muta- Figure 3 . COT1 and POD6 act in the same genetic pathway. (A) A cot-1;pod-6 double mutant displayed the same morphological defects as the two parental strains. All three strains were grown on minimal media plates shifted to restrictive temperature for 5 h after growth at permissive temperature. (B) Calcofluor White stained primarily the hyphal apex of mutant strains grown at permissive temperature but mutants shifted to restrictive temperature for 5 h showed an abnormal and patchy label throughout the hyphae, including strong septal staining. (C) Suppressor analysis of cot-1(1) and pod-6(31-21) showed that gul-1 as well as components of the dynein/dynactin complex partially suppress the cot-1(1) or pod-6(31-21) growth defects (ro-1: dynein heavy chain mutant, ro-3: p150 glued mutant; ro-10: 24-kDa subunit of dynactin). (D) Western-blot analysis of cell extracts probed with anti-COT1 antibody indicated that suppression of the cot-1(1) phenotype at restrictive temperature is independent of 67-kDa COT1 presence. tions is different from that involving gul-1. Bypassing the need for COT1 was also observed when the mutants were treated with various environmental stresses that alter PKA activity (see below), suggesting a potential link between the proposed functions of GUL1 and the PKA pathway. The consistency of the effects that common genetic suppressors have on cot-1 and pod-6 morphology strongly support that POD6 and COT1 act in a common genetic pathway.
In addition to the suppression by extragenic mutations, cot-1(1) has been shown to undergo environmental stressrelated suppression (Gorovits and Yarden, 2003) . Therefore, we cultured pod-6(31-21) as well as pod-6(31-21);cot-1(1) under similar environmental stresses. When grown in the presence of NaCl, a significant increase in radial growth of pod-6(31-21) as well as pod-6(31-21);cot-1(1) was observed ( Figure 4A ). Furthermore, when either NaCl or ethanol were added to the medium, suppression of these strains was observed ( Figure 4B ). Similar results were obtained when the strains were cultured in the presence of sorbitol or H 2 O 2 . A common component of fungal stress response is the PKAdependent signaling pathway (Thevelein, 1994; Gustin et al., 1998) , and the stress-related suppression of cot-1(1) was accompanied by reduced levels of PKA activity (Gorovits and Yarden, 2003) . Thus, we inhibited PKA by amending pod-6(31-21), cot-1(1) and the double mutant grown at restrictive temperature with the PKA-specific inhibitor KT5720 and observed partial suppression of the mutant phenotypes in a manner similar to that observed in the stressed cultures ( Figure 5A ), indicating that lowering PKA activity can bypass the POD6/COT1 defects. This is further supported by the analysis of double mutants between cot-1(1)/pod-6(31-21) and cr-1, an adenylate cyclase mutant with reduced levels of cAMP that can be complemented by adding cAMP (Terenzi et al., 1974) . These double mutants showed normal tip growth at 37°C ( Figure 5B) . In contrast, when we generated double mutants using a temperature-sensitive allele in the regulatory subunit of PKA that displayed increased levels of PKA activity at restrictive temperature (Bruno et al., 1996a; Seiler and Plamann, 2003) by crossing cot-1(1)/pod-6(31-21) with mcb, we observed a synthetic effect ( Figure 5C ). Unlike the single mutants, mcb(14-4); pod-6(31-21) and mcb(14-4);cot-1(1) showed slight growth abnormalities at permissive temperatures. After shifting to 37°C, the synthetic defects were even more pronounced, resulting in branched and swollen hyphal tips and marked septation within 5 h in the double mutants, whereas mcb(14-4) displayed only minor abnormalities, such as some swollen tips and branches. Overnight incubation at 37°C resulted in cell lysis and subsequent death of double mutant cultures, whereas mcb(14-4) displayed a mixture of normally growing hyphae and chains of spherical cells. As changes in cell polarity in cot-1 and pod-6 are emphasized when PKA activity levels are altered, we concluded that COT1/POD6 and PKA act in parallel pathways to regulate cell polarity in a positive or negative manner, respectively.
POD6 and COT1 Are Physically Associated and Depend on Opposing Microtubule-dependent Motor Proteins for Correct Localization
To examine whether POD6 physically interacts with COT1, we generated and affinity-purified antisera against POD6 that recognized a single polypeptide of ca. 100-kDa in wildtype extracts and generated a strain expressing a MYC::COT1 fusion protein ( Figure 6A ). The POD6 signal was strongly reduced in extracts of the heterokaryotic ⌬pod-6 strain grown on benomyl and pantothenic acid, indicating that the anti-POD6 antibodies are specific for POD6 ( Figure 6B ). Reduced amounts of POD6 were also observed in pod-6(31-21) shifted to restrictive temperature, indicating that a reduction in POD6 protein levels accompanies the temperature shift. Nevertheless, we observed no change in protein abundance of either kinase in the other mutant grown at restrictive temperature ( Figure 6C ). cot-1 was tagged N-terminally with a 6MYC tag under the control of its own promoter. This construct fully complemented cot- Figure 4 . Environmental suppression of pod-6(31-21) and cot-1(1); pod-6(31-21). (A) NaCl amendment in the growth medium suppresses the cot-1, pod-6 and double mutant phenotype. Relative growth (expressed as percent of nonamended control) was determined on the basis of radial growth of N. crassa strains in the presence of different concentrations of NaCl. Cultures were incubated at 34°C. The results are the average of at least three independent results. Error bars, SE. *, wild type; •, cot-1(1); OE, pod-6(31-21); f, cot-1(1);pod-6(31-21). (B) Pictures of liquid cultures supplemented with either 1 M NaCl or 7.5% ethanol were taken 8 h after they were shifted from permissive to restrictive temperatures.
1(1) and ensured full activity of the modified protein. Anti-MYC, anti-POD6, and, as a control, anti-HA antibodies were used for IP experiments from extracts of the MYC::COT1 strain ( Figure 6D) . The anti-POD6 IP recovered a markedly higher portion of POD6 from the extracts when compared with the amount of coprecipitated COT1, whereas anti-MYC IP recovered an abundant quantity of COT1 and coprecipi-tated much less of POD6. These results indicate that under the conditions tested, low but significant portions of COT1 and POD6 were associated with each other.
To determine the cellular distribution of MYC::COT1 and POD6 in N. crassa hyphae, we used the anti-MYC and anti-POD6 antibodies, respectively ( Figure 7A ). Both proteins exhibit a vesicular-reticulate distribution throughout the hy- -1(1) and pod-6(31-21) was suppressed in the cr-1 mutant background, whereas (C) mcb;cot-1/pod-6 double mutants are synthetically lethal. For B and C, the strains were grown on minimal media plates supplemented with 1% yeast extract and shifted for the indicated times. pha that is, to a large extent, overlapping. In conjunction with the co-IP data, indicating a low but significant level of interaction, we concluded that COT1 and POD6 may be part of one or more dynamic protein complexes in the cell, but that the proteins are not necessarily associated with each other at all times. This punctate localization pattern and our previous results that both mutants can be suppressed by components of the dynein/dynactin motor complex prompted us to analyze the dependence of POD6 and COT1 on motor protein function ( Figure 7B ). In ro-1 hyphae, POD6 was not evenly distributed, but rather accumulated in clusters at the hyphal apex. In contrast, we observed the opposite distribution in conventional kinesin mutants with both kinases accumulating subapically at the septae. Finally, we also tested the interdependence of POD6 and COT1 for localization in the respective mutants shifted to restrictive temperatures. In Figure 6 . COT1 and POD6 interact. (A) COT1, POD6, and MYC::COT1 were detected in extracts prepared from wild-type cells or MYC::COT1 cells, respectively, to illustrate the specificity of the antibodies being used. (B) Extracts of the nuclear-ratio-modulated heterokaryotic ⌬pod-6 strain grown in appropriate media (see Materials and Methods) were adjusted to equal amounts of soluble protein and probed to determine the effect of the predominance of ⌬pod-6 nucleus (in the presence of benomyl and pantothenic acid) on POD6 abundance. (C) Reduced amounts of POD6 were also observed in pod-6(31-21) shifted to restrictive temperature for 5 h, but no alteration in the expression level of either kinase in the other mutant grown at restrictive temperature was observed. (D) Cell extracts of MYC::COT1 cells were prepared, precipitated with ␣-MYC, ␣-POD6 or, as control, ␣-HA antibodies, separated by SDS-PAGE and probed with ␣-MYC or ␣-POD6 antibodies. Figure 7 . COT1 and POD6 colocalize and are dependent on microtubule-dependent motor proteins for their correct localization. MYC::COT1 and POD6 were colocalized in growing wild-type hyphae and exhibited punctate/reticulate staining that was evenly distributed throughout the hypha. Note that the Spitzenkörper region at the extreme hyphal apex is unlabeled. (B) This punctate distribution of myc::COT1 and POD6 was altered in dynein heavy chain and conventional kinesin mutants, with myc::COT1 and POD6 accumulating at the hyphal tip in the minus-end-directed (Ϫ) ro-1 mutant and in subapical areas/septae in the plus-end-directed (ϩ) nkin mutant. In ro-1, the nuclei are counterstained with DAPI to illustrate that the accumulation at the tip is not due to their clustering, whereas in nkin, septal association of the kinases is indicated by Calcufluor White staining. neither case were significant alterations in the kinase distribution patterns detected (unpublished data).
DISCUSSION
Our characterization of pod-6(31-21) and ⌬pod-6 revealed the same morphogenetic defects as those previously characterized in the cot-1(1) mutant. These include the rapid cessation of tip extension, subsequent hyperbranching, and altered cell-wall organization. In addition, we showed that pod-6(31-21);cot-1(1) double mutants exhibit phenotypic characteristics identical to the parental strains and that mutations in both genes share common extragenic suppressors, which include mutations in components of the dynein/dynactin motor protein complex (ropy) as well as mutations in the conserved polymorphic protein GUL1. These results strongly suggest that POD6 and COT1 function in the same genetic pathway. This conclusion is further supported by our localization and IP results, which provide evidence that POD6 and COT1 can physically associate with each other in the cell and in vitro. Finally, we showed that the correct distribution of both kinases is dependent on the two opposing motor proteins: conventional kinesin and cytoplasmic dynein.
Although our data clearly indicate that COT1 and POD6 can, at least to some extent, physically interact with one another and act in the same genetic pathway, the hierarchical relationship between COT1 and POD6 have yet to be elucidated. Neither kinase's expression level was altered in the other mutant grown at restrictive temperature. Furthermore, overexpression of one kinase, driven by the strong modified cpc-1 promoter in the other mutant did not alter the mutant phenotypes either (unpublished data). In addition, no codependence for localization was observed, suggesting that COT1 and POD6 operate in a network or in parallel, rather than in a linear genetic path. This view is supported by the observation that pod-6(31-21);cot-1(1) double mutants displayed a synthetic growth defect when cultivated at semirestrictive temperatures, i.e., between 30 and 32°C. Similarly, Nelson et al. (2003) found no codependence of Cbk1p localization on Kic1p in S. cerevisiae.
The morphological defects of both pod-6 and cot-1 can be partially suppressed by various environmental stresses, which have been shown to decrease PKA activity and bypass the requirement for a functional COT1 or POD6. Based on the fact that in contrast to mutations in dynein/dynactin components, mutant gul-1 803 eliminated the need for the 67-kDa COT1 isoform, it is tempting to speculate that gul-1 suppression is linked with the environment-and PKA-activity-dependent suppression mechanism. This is supported by S. cerevisiae ssd1 mutants, which can suppress the absence of Bcy1p (the yeast PKA regulatory subunit; Sutton et al., 1991) , as well as by the fact that the S. pombe homolog sts5 has been implicated in the maintenance of cell polarity involving stresssignaling pathways (Toda et al., 1996) . Nevertheless, we did not find any observable genetic interactions between gul-1 and the PKA pathway in ⌬gul-1;mcb(14-4) double mutants in N. crassa (unpublished data), suggesting a functional link of GUL1 with COT1/POD6 and not PKA. This is supported by the fact that budding yeast SSD1 was isolated in large scale two-hybrid and affinity purification approaches as a direct interaction partner of Cbk1p (Racki et al., 2000; Ho et al., 2002) . Furthermore, mutations that compromise SSD1 function or deletion of SSD1 result in viable Cbk1 pathway deletions (Jorgensen et al., 2002) .
Based on our analysis, it is conceivable that both kinases function to promote tip elongation, whereas at the same time curb excessive branch formation in subapical regions of the hypha. This is further supported by a previous study demonstrating that COT1 distribution is not restricted to the hyphal tip and can be found in association with the plasma membrane along the entire hyphal filament (Gorovits et al., 2000) . Inhibiting PKA activity by amending the medium with KT5720 or in pod-6/cot-1;cr-1 double mutants resulted in partial suppression of the pod-6/cot-1 defects. pod-6/cot-1;mcb double mutants displayed a synthetic phenotype, further suggesting that POD6/COT1 and PKA act in parallel pathways that regulate polarity formation in a positive or negative manner, respectively. A common downstream target of both pathways may involve the link between PKA activity and actin organization. Disruption of the N. crassa actin cytoskeleton with actin depolymerizing drugs or mutants affecting the actin organization result in increased septation and the generation of spherical cells (Heath et al., 2000; Silverman-Gavrila and Lew, 2001; Seiler and Plamann, 2003) . This phenotype strongly resembles the phenotype of the latrunculin A-hypersensitive, and PKA-hyperactive mutant, mcb. PKA has also been shown to regulate actin polymerization in budding yeast (Ho and Bretscher, 2001) . Nonetheless, the cellular responses of yeast and N. crassa are the opposite. Although activation of PKA in yeast leads to increased polarization and pseudohyphal differentiation (Pan and Heitman, 1999) , activation of PKA in N. crassa results in apolar growth (Bruno et al., 1996a; Seiler and Plamann, 2003) . Similar to the observation in the filamentous fungus, PKA in animal cells has been shown to promote a round cell shape during cytokinesis and to phosphorylate monomeric actin to prevent actin-fiber formation (Ohta et al., 1987; Prat et al., 1993) . The fact the animal NDR kinase function has been implied in regulating actin organization (Geng et al., 2000; Zallen et al., 2000; Emoto et al., 2004; Stork et al., 2004) along with the stated effect of PKA on the cytoskeleton in a variety of organisms supports the possibility that the fungal components function in a similar manner. It is conceivable that COT1/POD6 may positively modulate actin dynamics in parallel to the negatively acting PKA pathway. Thus, in N. crassa, polymerized actin is essential for polar tip extension (Heath et al., 2000) , but subapical lowering or modification of the F-actin pool would act as a cue for the initiation of new branches. Probably the best indication for regulation of the actin cytoskeleton through GC kinases comes from work in fission yeast. Huang et al. (2005) have shown that the GC kinase Nak1 directly interacts with the actin-binding proteins Hob1 (an Rvs167/amphiphysin homolog that stimulates actin polymerization through Wsp1), and Leonhard and Nurse (2005) determined that F-actin localization at cell tips is Nak1 dependent.
Interestingly, in none of the organisms studied has the function of GC-III and NDR kinases yet been associated with the microtubule cytoskeleton. However, where determined, their cellular localization is always punctate (Verde et al., 1998; Nelson et al., 2003; Gallegos and Bargmann, 2004; Stork et al., 2004; He et al., 2005; Kanai et al., 2005) , suggesting a vesicular localization and therefore also motor-dependent transport. Conventional kinesin and dynein drive apical and retrograde-directed transport in N. crassa, respectively (Seiler et al., 1997 (Seiler et al., , 1999 . The observed accumulation of COT1 and POD6 in the two motor mutants in apical or distal regions (corresponding to microtubule ϩ and Ϫ ends, respectively; Konzack et al., 2005; Schuchardt et al., 2005) indicates that the equal distribution of both kinases in wild type is a result of the activity of the two opposing motor proteins. An explanation for the suppression of the kinase mutant phenotypes by dynein/dynactin mutations may be that the reduced retrograde transport rate in dynein mutants and the subsequent accumu-lation of mutant kinases in apical areas could result in higher levels of partially functional protein at the hyphal tip. The observed enrichment of kinases in a 10 -20-m-broad tip region and not specifically within the hyphal apex of ro-1 may be explained by altered microtubule dynamics in addition to retrograde transport defects in dynein mutants, which has been reported for all systems studied (e.g., Shaw et al., 1997; Han et al., 2001) .
Earlier observations demonstrated that COT1 could be found in various subcellular compartments, including the cytoplasm and nuclei, and in association with the plasma membrane (Gorovits et al., 2000) . Since then, other NDR kinases have also been shown to be present in the mentioned compartments (Chen and Dickman, 2002; Hergovich et al., 2005 Hergovich et al., , 2006 . The punctate label observed in the present study suggests that COT1 and POD6 may also be associated with internal membrane structures-a distribution pattern that may not be as evident in thin sections analyzed by electron microscopy. Nevertheless, some immunogold label was also associated with internal membrane structures in the mentioned study, suggesting that, depending on the strains, antibodies, and labeling techniques used, the kinase localization may shift from primarily plasma membrane to primarily vesicle associated. In nkin mutants, an increased cortical/plasma membrane localization of POD6 and COT1 was found, suggesting that altering membrane dynamics can influence kinase localization. Furthermore, the strong association of the kinases with septae in the kinesin mutant may indicate a function of both proteins during septum formation in wild-type cells too, similar to what has been reported for S. pombe ORB6 and NAK1 (Verde et al., 1998; Leonhard and Nurse, 2005) . This is in line with the altered ultrastructure of septae in cot-1 hyphae shifted to restrictive temperatures (Gorovits et al., 2000) .
The variety of phenotypic alterations such as an altered cell-wall structure, cytoskeletal organization, and transport defects associated with dysfunctional COT1/POD6 and their homologues in other organisms (Jorgensen et al., 2002; Nelson et al., 2003; Kanai et al., 2005; Leonhard and Nurse, 2005) strongly suggests that these kinases have multiple cellular functions, probably requiring additional components. In fact, several genetic screens in S. cerevisiae have identified proteins that could potentially interact with Cbk1p, the yeast homolog of COT1 (Ito et al., 2001; Du and Novick, 2002; Ho et al., 2002; Kurischko et al., 2005; Voth et al., 2005) . Analyses in fission yeast have identified additional proteins that interact with the ORB6 (Verde et al., 1998; Hou et al., 2003; Wiley et al., 2003) . In N. crassa, co-IP experiments have provided evidence for a potential physical interaction between COT1 and the type 2B phosphatase calcineurin (Gorovits et al., 1999) . It is therefore likely that additional proteins can interact with POD6/COT1 or their homologues. The added phenotypic complexity of filamentous fungi and cells of higher eukaryotes provides an opportunity to dissect the contribution of different COT1-interacting proteins to the establishment and maintenance of cell polarity. Given the similarity between NDR and GC-III kinases in filamentous fungi and animals together with the described differences in COT1 complex regulation between yeasts and N. crassa/animals, they may serve as useful models to separate signals required for branch formation and tip extension in neuronal cells.
